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Area 1 - Analysis of Dredged Material Placed in Open Water

Area 2 - Material Properties Related to Navigation and Dredging

Area 3 - Dredge Plant Equipment and Systems Processes

Area4 - Vessel Positioning, Survey Controls, and Dredge Monitoring Systems
Area 5 - Management of Dredging Projects
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annual cost of about $400 million. Deficiencies
in the dredging program have been documented
by the Cops field operating Division and Dis-
trict offices. Impiementation of Dredging Re-
search Program (DRP) to meet demands of
changing conditions related to dredging activi-
ties, and the generation of significant technol-
ogy that will be adopted by all dredging inter-
ests, are means to reduce the cost of dredging
the Nation’s waterways and harbors and save
taxpayer dollars.

pe . Truvactgatinne rrndinetad s1ndas

RESEARCH: Investigations conducted under
maaliniAnl P o0 % ACOA ~ore

DRP Technical Report Area 4, “Vessel Posi-

tioning, Survey Controls, and Dredge Moni-

et N __ % _ 1% ___ _ 1 . 1L .4

toring Systems, addressed the need for report-
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ing offshore onsite water levels and an en-
hanced vessel-heave system for dredging pur-
poses, developed reai-time, on-the-fily GPS
navigation for surveying and dredging, evalu-
ated dredge production meters, and developed
the operational aspects of a silent inspector for
monitoring contract hopper dredges.
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oped so that only one fixed reference st:
of known coordinates (x,y,z position) located
every 20 km would provide the user with 2-cm
(1-in.) accuracy (far better than the specifica-
tion goal of 1-dm (4-in.) accuracy) for dredging-
qqantity determination for contract estimation
and final payment computations. Production
meters were evaluated in both the iaboratory
and field to determine their reliability of oper-
ation under different dredged material condi-
tions. The silent inspector produces a factual
record of a contract hopper dredge’s activities
that is sufficient for dredging inspectors to ac-
curately assess contract performance even in
the absence of a full-time onboard inspector.

AVAILABILITY OF REPORT: The report
is available through the Interlibrary Loan Ser-

vice from the U.S. Army Engineer Waterways
Experiment Station (WES) Library, telephone
(601) 634- 2355. National Technical Informa-
tion Service (NTIS) report numbers may be re-
quested from WES Librarians. To purchase a

copy of the report, call NTIS at (703) 487-4780.
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Ms. Joan Pope, Chief, CSEB; Mr. Thomas W. Richardson, Chief, EED;
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Waterwavs Exneriment Station Dredoing Research Prooram Technical Area 4
V ways Experiment Station Dredging Research Program Technical Area 4,
“Vessel Positioning, Survey Controls, and Dredge Monitoring Systems.”
Research was conducted to address the need for measuring and reporting off-
shore onsite water levels and for an enhanc 1 stem for dredging

3]

purposes. The development of a real-time, on-the-fly, navigation ¢
with accuracy of 1 dm (4 in.) for surveying and dredging based on a
NAVSTAR global positioning system (GPS) is presented. Laboratory and
field tests of production meters for dredges were conducted to determine relia-
bility under different dredging conditions. Concept development and opera-
tional aspects of a silent inspector for monitoring contract hopper dredges are
also presented.

“Integrated Vertical Control” enhanced the automated real-time tidal eleva-
tion system (ARTTES) to prevent access denial when threshold conditions for
surveying are exceeded but may not be severe enough to preclude dredging
operations. Practical aspects of short-term meteorological conditions were
taken into account to allow some degree of engineering judgment to be consid-
ered. Vessel-motion (heave) compensators aiso were enhanced to alilow opera-
tion in the frequency domain where commercially available components can be
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utilized. A procedure for estimating future wave data was developed.
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~ “Production Meter Technology” performed laboratory tests of dredge pro-
duction meters (velocity and density) identified in a worldwide survey as
presently being used onboard operating dredges. These tests evaluated the
reliability of the production meters under controlled conditions of slurry type,

concentration, and flow and pipe orientation. Field tests were also conducted



aboard the dustpan dredge Jadwin and the hopper dredge Wheeler to determine
production-meter reliability of operation under two different dredged material

- conditions (sand and silt sediments).
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system was developed to automaticaily log data
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Research program

The concept of the Dredging Research Program (DRP) emerged from lead-
ership of Corps of Engineers Headquarters (Navigation and Dredging Division
and Directorate of Research and Development (CERD)) in the mid-1980s
(McNair 1988). It was realized early in the program development that research
should be directed toward addressing documented deficiencies identified by the
primary Corps users, namely the field operating Division and District offices.
Problems identified by the field offices were formulated into specific applied
research work tasks describing objectives, research methodologies, user prod-
ucts, and time/cost schedules. CERD delegated primary responsibility for
developing the DRP to the U.S. Army Engineer Waterways Experiment Station
(WES). The 7-year, $35-million DRP, initiated in FY88, achieved all major
milestones, goals, and objectives scheduled in the program-planning process.

A major DRP objective was the development of equipment, instrumenta-
tion, software, and operational monitoring and management procedures to
reduce the cost of dredging the Nation’s waterways and harbors to a minimum
consistent with Corps mission requirements and environmental responsibility.
The DRP consisted of the following five technical areas, from which many
distinct products were generated and annual and one-time direct and indirect
benefits were quantifiable.

a. Technical Area 1. Analysis of Dredged Materials Disposed in Open
Water.

b. Technical Area 2. Material Properties Related to Navigation and
Dredging. “«

c. Technical Area 3. Dredge Plant Equipment and Systems Processes.

d. Technical Area 4. Vessel Positioning, Survey Controls, and Dredge
Monitoring Systems.

e. Technical Area 5. Management of Dredging Projects.

Technical Area 4

Objectives of Technical Area 4, “Vessel Positioning, Survey Controls, and
Dredge Monitoring Systems,” included (a) providing enhancements to an auto-
mated real-time tidal elevation system (ARTTES) and developing a second-
generation frequency-domain-based vessel-motion (heave) system (VMS-II),
(b) developing a real-time 3-D global positioning system (GPS) carrier phase-
based positioning system for hydrographic surveying and dredging with

Chapter 1 Introduction



accuracy better than 1 dm (4 in.),l (c) evaluating dredge production-meter
performance by controlled laboratory tests and by tests of both dustpan and

- hopper dredges under actual field operating conditions, and (d) developing a

silent inspector (ST) system to automatically log data from instruments
generally maintained aboard contractor-operated hopper dredges and provide
summaries of these data in both tabular and graphic form to better assess con-
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Chapter 4 presents comparisons of laboratory tests conducted on dredge
production meters (doppler and magnetic velocity meters and nuclear density
meters) versus controlled standards to determine the reliability of the meters
while operating with different types of slurry material. Field tests were con-
ducted aboard the dustpan dredge Jadwin operating in sand materials using
doppler velocity and nuclear density meters and aboard the hopper dredge
Wheeler operating in silt and clay materials using magnetic velocity and
nuclear density meters.

Chapter 5 describes concept development and operational aspects of the SI
system for automatically monitoring activities aboard a contractor-operated
hopper dredge. The SI collects and records measurement from shipboard

1 A table of factors for converting non-SI units of measurement to SI units is provided on

page ix.
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sensors, calculates the dredging activity being performed and the weight of
material recovered in tons dry measure, and displays this information through
standardized tabulations and graphic data displays.

Chapter 6 is a synopsis of technical reports pertaining to research and tech-

nology aevelopmem Dy the DRP to (a) better determine vessel horizontal and

vertical posmomng on the Earth’s surface for survey control, and pFCLIbE verti-

cal location with respect 0 a stationary datum for hyurographic surveying o
minimize overdredging because of tidal variations, (b) enhance dredging
through production-meter technology, and (c) ensure that contractor-operated
hopper dredges adhere 1o contract requirements.

Chapter 1 Introduction



offshore locations, disputes between the Corps and contractors have arisen as
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/system interaction.

1n¢ user,
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tion systems. The system employs internal checks and user notification
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surements. Because credible water-level data typically are scarce or absent at
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Dredging operations, as well as dredge monitoring and contract payment,
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to the amount of material dredged and payment due (Garcia 1990).

v

compatible with existing typical Corps hydrographic and data-l

3

shore have emphasized the monetary consequences of inaccurate channel mea-

L1l

require the measurement of accurate bathymeiry reiferenced to a static datum.
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An engineering tool was required to provide accurate water surface eleva-
tions, thus reducing the need for overdepth dredging. Such a system had to be
This section of Chapter 2 was extracted from Garcia (1990), Lillicrop et al. (1991), and

Borgman, Garcia, and Walton (1993).

Integrated Vertical Contro}

dredges and survey vessel
addition, requirements to dr

1

Chapter 2



cost-effective and at the same time relatively easy to install, maintain, and
operate. Consideration was given to developing permanent or semipermanent
towers equipped with a water-level sensor to be located along a navigation
channel, thus providing water-leve: elevations along the project area. How-
ever, this alternative was rejected due to high initial costs, potential hazard to
navigation, and expected vandalism and consequent high maintenance costs

(Lillycrop et al. 1988).

At the request of the U.S. Amy Engineer District, Jacksonvilie, an aiterna-
tive sysiem was developed by WES to support deepening of the entrance chan-
Coilion nadamnn Dana L7 2an A e o2 T8 : _

Submarine Base, Kings Bay, GA. The design
€

ARTTES concept

ARTTES allows virtually unlimited numbers of users to obtain instanta-
neous tidal-elevation data over a designated area. It is based on a predictor-
corrector method and consists of a high-precision water-level sensor linked to a
VHF transmitter that continuously broadcasts the water level as measured at
some location in the designated area. Users have a VHF receiver linked to a
lap-type or desktop computer. Resident on the computer is communication/
computation software that predicts the tidal level at a user-specified location
based on data previously acquired within the designated area. The predicted

system permits highly repeatable elevation control during offshore surveys.
Moreover, use of the sysiem allows dredge operators to make online adjusi-

Prior to an ARTTES installation, tidal measurements must be collecied
along the navigation channel and at a permanent nearshore measurement loca-
tion. These data are used to determine the values of harmonic constituents
needed for a tide-prediction model. Two to four self-recording pressure
gauges are temporarily placed along the channel to collect several months of
data. The total number of gauges necessary is dependent upon local conditions
such as navigation channel configuration, bottom topography, and inlet
parameters.

Data from the permanent pressure-gauge location and the temporary gauges
are used to determine the five constituents used in the tide-prediction model.
These constituents were found to account for the preponderance of the variance
along the lower east coast of the United States where four ARTTES are

Chapter 2 Integrated Vertical
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presently in operation (Kings Bay, GA; Brunswick, GA; Savannah, GA;
Charleston, SC).

The ARTTES concept is based on three broad assumptions: (a) the total
annual water-level variance due to the astronomical tide is large compared to
other effects; (b) meteorological conditions are spatially large compared to the
area of operation; ana (c) over the channel distances, changes in sea surrace

L <35 P S P

elevation can be well approximaied using linear inierpolation. ARTTES is
composed of iwo primary subsysiems: the water-level measuremeni 'y stem
AT MY anAd the raraivar cuctarm /DPQY
\V' 1_‘1710} allu uiv 1vvlilvel byDLClll \l\d}.
Water-level measurement system

The purpose of the WLMS is to transmit a nearshore real-time water-level
measurement referenced to a datum. The WLMS is composed of an offshore
pressure transducer a shore-connected cable, a shore microcomputer box, a

high-power VHF FM transmitter, and a tower-mounted ommdxrecuonal VHF
antenna. The water-level measurement is transmitted over a standard VHF
high-band frequency using standard Bell 103 modem tones. Data are encoded
in the real-time simplex protocol (RTSP), which permits multiple receiving
stations to simultaneously receive the water-level measurements error free.
Simplex implies that the transmissions are one-way only. There is no require-
ment for the receiving units to transmit to the shore site, thereby eliminating
the cost and problems associated with high-power transmitters at the receiving
site. The RTSP protocol uses a packet radio technique that provides for multi-
ple water levels, wave measurements, and other environmental parameters to
be broadcast on the same frequency. Additional measurements may be added

without anecung others. RTSP also pI'OVlGCS alagnosuc pacxets

S ann e

that will indicate the nature of any system malfunction (Lillycrop et al. 1991).
Recelver system

RS components include a VHF scanner/receiver, Bell 103 compatible
modem, a portable computer, and real-time tide prediction (RTTP) software.
An off-the-shelf scanner is used to receive the transmitted data packet and pass
it to the computer where the data are processed through the RTTP model. The
scanner/receiver used with the four operational ARTTES systems is the com-
mercially available Bearcat scanner. Any portable computer that supports
BASIC can be used to run the RTTP tide-prediction software. - The Tandy 100

a Radio Shack laptop computer with a built-in Bell 103 compatible modem,
has been used to date. The ARTTES receiver system is not limited to any of
these commercial systems and can operate on any system with a similar con-
figuration. The RS can utilize an existing onboard survey computer interfaced
with a positioning system and a fathometer (Lillycrop et al. 1991).
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Applicabllity

ARTTES is applicable only to nearshore open-ocean areas (i.e., seaward of
the mouth of driver or jetty system up to approximately 20 miles offshore).
Dredging and survey operations requiring tide data within the reaches of jetties
or into estuaries and rivers are better served using other techniques or systems.

The limit of 20 miles is due to the present type of radio transmitter being used.
A more powerful transmitter couid be used to extend that range.

Da ~ ;s ~F Al dotas o olam:a14 - . o
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in the onshore direction. The channel area should be free of deep marine
canyons or very shallow shoals, especially any that are exposed during only
part of the normal tide cycle. Current bathymetry or navigational charts of the
vicinity are usually adeguate to determine whether the area is suitable for
vicinity are usually adequate 10 determine whether the area is suitable for

At least 80 percent of the annual water variance at the candidate site must
be due to the astronomically forced tide. National Ocean Service tide data for
the general vicinity can be used to determine whether this criterion is met.
Most locations along the coasts of the Atlantic and the Gulf of Mexico and
many along the Pacific coastline of the continental United States meet this
criterion.

There should be significant differences in the range and/or phase of the tide
along the extent of the channel. Differences of 15 to 20 percent in range are
common in shallow coastal areas where dredging often occurs. Where the tide
range is small (for example, 2 ft), differences may be only a few tenths of a
foot, perhaps small enough to be of no significant concern. Where the tide
range is greater (for example, 6 ft), differences may exceed 1 ft and have to be

considered if accurate survey and dredging are to be conducted.

As presently implemented, ARTTES uses a completely deterministic proce-
dure for predicting the tide. When the differences between the predicted tide
and observed level exceed some predetermined value, user access to the system
is denied. The difference between measured and predicted values (at the mea-
surement site) is an indicator of the validity of the assumption that the astro-
nomical tide component is dominant. Dominance means that the astronomical
component of the water-level variation is approximately one order of magni-
tude greater than the sum of the remaining components. Zero or small differ-
ences (a few centimeters) mean that the assumption is robustly met within the
entire specified area of operation and that users can be confident of the broad-
cast system values. When differences between the predicted and observed
values increase, as is typically the case during periods of disturbed weather,
the assumption of dominance of the astronomical tide component grows
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increasingly weak. At some difference between the predicted tide and
observed water level, the assumption of tidai dominance is considered 0 be

. invalid for the desired degree of water-level accuracy over the area of

operation. -

Periods of user-access denial usually occur when sea conditions are unfa-
vorable or unsuitable for survey operations. Dredging operations, however,
may continue in weather conditions unsuitable for survey operations. Because
ARTTES may be used by dredge operators, it is desirable to minimize periods

of user-access denial.

The present procedure for predicting the tide at the sensor location is based
upon the harmonic method of tide analysis and prediction. Water-level data at
the desired location are acquired for several months, analyzed to determine the
amplitude and phase of the dominant tidal constituents, and then used to pre-
dict the tide. Data required for tide prediction are obtained prior to initial
operation of an ARTTES. Although water-level data at the sensor site are
recorded and available once an ARTTES begins operation, analysis of these
data by the harmonic method and incorporation of the results into the predic-
tion routine presently being used typically result in little improvement in the
predictions. The lack of improvement in tide prediction stems from the funda-
mental assumption underlying the harmonic method, namely that the tide is
described by a sum of sine or cosine functions that represent the astronomi-
cally forced component. However, a portion of the water-ievel record is not

described by this sum. That poriion is termed the residual. Most of the resid-
ual is the result of short-term meteorological effects.
ARTTES enhancement technique

The approach used by Borgman, Garcia, and Walton (1993) for DRP
improvements to ARTTES predictions may be described as “hybrid” in that the
astronomically forced component of the tide is analyzed and predicted in the

traditional manner (harmonic analysis), while the short-term meteorological
component (residual) is analyzed and predicted via statistical techniques. The
two statistical techniques investigated are conventionally called Kriging and
autoregression, respectively. Kriging is based on the minimization of expected
square error, subject to the constraint that the estimation is unbiased. Autore-
gression is based on minimization of expected square error only. Both meth-
ods assume that the estimate is covariance-stationary.

Application of Kriging and autoregression

Application of either the Kriging or autoregression procedure requires the

‘user to specify two parameters related to the physical situation. The first

Chapter 2

parameter is the threshold value of the difference between observed and
predicted water levels (residual) beyond which ART "1' ES data may be

degraded. The second parameter is the permissible duration of the threshold
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exceedence.! The threshold value is chosen using engineering judgment and
knowledge of residual values from previous water-level monitoring at the site.
The goal is to choose a value such that smaller residuals represent meteorolog-
ical effects that are large enough in scale to have a uniform effect over the
specified area of ARTTES operation. The assumption of spatial uniformity
becomes somewhat questionable for residuals exceeding the threshold.
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The essence of this suggested new approach by Borgman et al. (1993) is
that the assumnuon of snaual uniformity is likely to be met even though the

short-duration events from long-duration events that alter the fundamemal
physical setting. Alteration of the physical setting for extended periods affects
the site-specific tidal amplitude and phasing relationships upon which the
ARTTES calculations are based, thereby producing potentially erroneous
values. The duration limit is based upon knowledge of the history of the site’s
water-level data and engineering judgment.

By using combinations of levels of threshold exceedence and duration,
practical aspects of the dredging process may be taken into account. Because
dredges are costly to operate, data-access denial should occur only when the
pomenual consequences warram (ie., aata aegraaea to a }(nown degree are
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time series for t.hlS Denod shows re51dua1 values exceedmg the threshold often
by factors of two or more. Moreover, comparison of the input and output time
series shows that short periods of threshold exceedence in the input time series
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were smoothed out by the low-pass filter and therefore did not invoke applica-
tion of the Kriging procedure.

ce
>d u

during which user access was de 1 the pr .
procedure are illustrated. Note the shorter period of user denial with the
Kriging procedure when compared with the existing system. As with the
synthesized time series, a low-pass filter was applied to the input time series to
remove high-frequency components before applying the Kriging or autoregres-
sive procedures. Although the Kriging procedure has a slightly larger root-
mean-square error than the autoregression procedure, the Kriging estimate is
unbiased whereas the autoregression estimate shows bias.
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Second-Generation Vessel-Motion System

VMS'’s (sometimes termed heave compensators) for use in hydrographic
survey applications presently exist in various forms. However, the current
generation of VMS’s typically operate in the time domain, which results in
inherent limitations, particuiarly when appueu to smail vessels operating in

coastal waters. Moreover presem sysrem g nerauy based upon custom
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VMS-II is unique in that estimates of the real-time vertical motion are
derived by double integration of the vertical component of acceleration in the
frequency domain. Integration in the frequency domain permits virtually
instantaneous estimates of the vertical displacement with no phase lag. More-
over, the system is inherently stable with no feedback and therefore is immune
to impulse effects. A prototype version of the system performed successfully
in the laboratory environment. Field trials aboard several types of survey
vessels under various sea conditions are ongoing.

Time-domain versus frequency-domain integration
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acceleromet umed in an
and roll. The accelerometer is mounted w1th its vertical axis normal to th
deck of the vessel with one clinometer measuring roll about the vessel’s

This section of Chapter 2 was taken from Carter et al. (in preparation) and Borgman and
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longitudinal axis while the other measures pitch around the vessel’s lateral
axis. With such an arrangement, the true vertical acceleration of the vessel can
. be computed from the following relationship, which assumes negligible accel-
erations in lateral directions:

Measured Acceleration
cos (pitch) x cos (roll)

True vertical acceleration =

Time-domain Integration

After having corrected vertical acceleration for errors caused by pitch and
roll, corrected vertical acceleration must be integrated twice with respect to
time to produce vertical-motion displacement (i.e., heave). This double inte-
gration has been performed in the time domain for many years using both
analog and digital techniques. Unfortunately, all techniques that have been
developed and display long-term stability also produce an unavoidable phase
lag. In many applications this phase lag is acceptable; however, for real-time
applications, the phase lag is unacceptable. To date, no method of continu-
ously double integrating a real-time data stream in the time domain has proven
acceptable in this most demanding of applications.

Frequency-domain Integration

Double integration of the vertical acceleration in the frequency domain is
appealing, as the phase lag can be eliminated. Use of the Fast Fourier Trans-
form (FFT) provides a rapid method for transforming a data set from the time
domain to the frequency domain. Once in the frequency domain, the Fourier
coefficients can then be multiplied by constants proportional to I/frequency2
to provide the Fourier transform of the double-integrated time series. This
Fourier transform can then be inverted to produce a time-series estimate of
heave.

This very useful result is tempered by a restriction that applies to all appli-
cations of a Fourier transform: a Fourier transform is strictly applicable to
periodic functions or to those that can be made to appear periodic. For nonpe-
riodic functions, the Gibb’s phenomenon will produce large errors in the
inverted transform except at the center of the data set. As real-time applica-
tions require the data point of interest to be at the end of the data set, the error
produced by the Gibb’s phenomenon would appear to make double integration
in the frequency domain unusable for determining vessel heave. VMS-II is
designed around a novel approach that eliminates or minimizes the errors pro-
duced by the Gibb’s effect so that double integration of the vertical accelera-

“tion in the frequency domain can be utilized to produce real-time heave with
acceptable error levels.

Chapter 2 Integrated Vertical Control

13



£

Future data sets for VMS-II

Errors that occur in the determination of heave through double integration
of vertical acceleration in the frequency domain can be eliminated or drasti-
cally reduced if the data point to be evaluated is at the center of the data set.
This can easily be done with post-processed data; however, it cannot be done
in reai-time as the point of interest is a1ways at the leading end of the data set.
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bined data set and the first and second denvanves are continuous across the
two data sets. Frequency domain double integration can then be applied to the
combined data set to produce heave estimates that have very little error.

Developing future data sets

A practical approach to providing estimates of future data was developed
by Borgman and Scheffner (1991). The process of developing future data
begins by constructing an extrapolation of the real data into the future with the
data point of interest being the center of the data set composed of the real and
future data. The first step in this process is to copy the existing data set into
the future in what is called the unconditional extrapolation of the data. This

step results in a discontinuity between the data point of interest and the follow-
ing data point. The second step utilizes a smoothing technique that uses statis-
tical data from a larger real data set to condition the transition region starting
with the first future data point. The result of this smoothing is a data set with
the discontinuity removed and the conditioned data flowing smoothly into the

Implementation of the hardware and software required to apply the tech-
niques developed by Borgman and Scheffner (1991) presemed several prob-
lems that had to be solved in the VMS-IIL.

a. A real data set of 1,024 data points must be placed end-to-end with
_itself to form an unconditioned data set of 2,048 points in which the
data point representing the current time is at its center. To allow the
FFT to perform properly, the discontinuity at the joint between the two
sets of data must be smoothed by conditioning the simulation. This
smoothing requires that a matrix M = C,,C,,+ exist before the
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smoothing, where C,, is the transpose of the cross covariance matrnx
C,, and the C,,+ mairix is the Moore-Penrose generalized inverse of
+h varian matr
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current estlmate of heave.

c. Tasks a. and b. above must be executed in the time between the
required real-time heave estimates. This time interval for a real-time
heave system will typically be between 50 and 150 msec. As the num-
ber of floating point operations required by these two operations is on
the order of 10°, both processor speed and algorithm efficiency are
extremely important.

d. The matrix M used to condition the simulation must be periodically
regenerated. Ocean wave motion is typically stationary in the mathe-
matical sense for several minutes. However, L'ne sea state as seen by a

YL T

moving vessel is also dependent upon the speed and heading of the

vessel and is subject to change in a short period of time. For example,
a survey vessel may change course by 180 deg in a 20-sec period. This
would result in the apparent wave celerity changing by twice the ves-
sel’s speed in 20 sec. The conditioning matrix M must be regenerated
in a period that is short with respect to the sea state that is observed by
the moving vessel. The system regenerates the M matrix approximately
every 1.8 sec

Problems in the practical application of the future data technique can be

divided into two categories: memory requirement and computational time.

Memory requirement. As with most digital signal processes, the band-
width of the data is the controlling factor. Heave data of interest have a maxi-
mum period of approximately 20 sec; thus, the data must be sampled for a
total time of more than 40 sec to calculate the mean and covariance function.
A data sample length 2.5 times the longest heave period is a realistic
requirement.

The overlap of the two data sets that are combined to form the uncondi-
tioned extrapolation must also extend over a time period of 2.5 times the
longest period expected in the data. To obtain heave data that are useful for
survey corrections, a sampling rate between 8 and 15 samples per second is
required. At such rates, the overlap will contain approximately 500 data points

and the C,;, C;,, and C,;+ matrices would each contain 250,000 eiements.
- ‘Such massive arrays could not be accommodated within practical equipment.

s

Borgman and Scheffner (1991) developed a technique for reducing the
sampling rate for the statistical functions that is less than the sampling rate for

-
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the heave estimation. As an example, let the primary data be sampled at

10 Hz and let f,, and f_,, be 0.143 and 0.25, respectively. The maximum and
minimum periods are then 7 and 4 sec; therefore, the 7-sec period requires that
data for the covariance extend over 17.5 sec (2.5 times 7). If this interval
were sampled at the primary rate of 10 Hz, the C,, matrix would be 175 x
175, which would be very unwieldy The sampnng rate for the covariance
matrix can be reduced to 2.2 times f_,, (Borgman and Scheffner 1991)

(2.2 times 0.25) for a sampling period of 1.82 sec, and the resulting matrix
needed to cover the required 17.5 sec will be only 11 x 11, which is easily
LamAlaAd
11d11d1CuU

Processing speed. The operations of developing a data set that contains
the real and the smoothed future data, performing the FFT, double-integrated
acceleration in the frequency domain, and inverting the double-integrated
acceleration (heave) back to the time domain must all be completed before the

next real-time heave data poin is needed. This time period deoends on the
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software that can be used for the system. Until recemly, small Processors were
simply not fast enough to handle such computing requirements that require in
excess of 100 floating point operations. Fortunately, digital signal-processing
technology has recently evolved to the stage where its use will satisfy the
processing requirements for the VMS-IIL.

VMS-II hardware

VMS-II utilizes the signals from standard off-the-shelf sensors for vertical
acceleration, pitch, and roii. Signais from these sensors are inpu‘ to a

custom- aesxgnea circuit board that contains the analog low-pass filtering,
digital-signal-processing (DSP) processor, required memory, a d ancillary
“crﬁpaner its. In the personal computer (PC) that is used to configure the sys-
tem is a PC board with another DSP processor and a communications driver.

Input sensors. The three sensors used to measure the actual motions of the
vessel are a Columbia Model SA-107B accelerometer and two Watson Model
ADS-C131-1A clinometers. These three sensors are mounted in a portable box
that is placed at a known location in the vessel. Inside the box the two cli-
nometers are mounted at right angles to each other so that they will measure
pitch and roll of the box. The box must be mqtaucd so that the clinometers
will measure pitch and roll, and the accelerometer must be mounted as close to

The box can be mounted in any location in the vessel; however, its location
relative to the center of motion of the vessel must be accurately known. These
known offsets can then be input to the computer to determine the true motion
of the vessel. It is desired that the unit be placed as close to the fathometer or
the center of motion of the vessel as practical and with the three sensors
aligned with the respective vessel axes.

Chapter 2 Integrated Vertical Control



Analog outputs from the three sensors are input to the printed circuit board
(PCB) containing the analog and digital circuits required to compute heave.
- This circuit board is mounted in the box with the sensors and the power
supplies. -

VU Uy [P N MMy e mmnctism s alantememing sy1nsn ~ee viemnlle,
Processing electronics. The processing electronics were originally
designed as a system that contained two PCBs. One of the boards was to be
inctallad in tha cancnr hny and tha nthar wac tn inctallad in the P Hioh-
HIDLAIIVU 111 UiV JSVIIDVI UUA, @liU WiV VUIvL V/WAD LU Uv LLIDwAiAVU Bl WiV 1 . gl
speed communications would be used to transfer data between the two boards
so that the processing tasks could be hared. Actual development of the elec-

@
It

|
»

: -
tronics howed that the entire processing could be performed on the PCB
located in the box with the sensors. Thus, the board in thc _omputer is used
simply as an input to start the system and as a means of logging data and
assessing the operation of the system. This board can be utilized for additional

processing, should modifications to the system require its use.

The main PCB is located in the sensor box together with the sensors and
power supplies. This board contains the analog circuits that provide offset,
gain, and filtering to the signals from the three sensors. Accelerometer output
is scaled to 7.5 volts per g of acceleration. Clinometer signals are scaled to
0.100 volts/deg and are offset to +7.5 volts. An additional analog channel is
provided to enable proper offset, scaling, and filtering of the fathometer signal
so that it has a phase shift identical to the motion-sensor signals. All analog
channels are filtered using 8-pole switched cap modified low-pass filters. Pro-
vision is contained on the board for the input of a 2.0-volt calibration signal to
all analog channels.
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Digital electronics also provide a long-term digital signal source that is used to
eliminate the acceleration bias due to gravity and any long-term drift seen in

I1is connected rto the PC via a standard DB25 connector and 1s connccted to
115-VAC, 60-Hz power through a standard power cord.

VMS-Il software

The software for the VMS-II is written in two parts. An assembly language
code is installed in the firmware of the system to perform communications and
other board level operations while the main processing software is written in
“C.” A copy of the “C” processing code is contained in Appendix C of Carter
et al. (in preparation).
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3 Horizontal/Vertical
Positioning System
Utilizing GPS Satellite
Constellation’

Extensive hydrographic surveys are required to support the planning, engi-
neering, design, and construction phases of the Corps’ dredging functions.
Hydrographic surveying and positioning are essential to prepare for and admin-
ister dredging projects (Geier, Loomis, and Kleusberg 1992).

Present Surveying and Positioning Methodology

Presently, horizontal positions of dredges and survey vessels are determined
using systems that electronically measure multiple ranges or ranges and angles
from previously established control points on shore. Most of these systems
require the vessel to occupy a calibration point installed near the job site each
work day to initialize the system. Furthermore, all of the systems require
establishing a series of receiver/transmitters on control stations on shore.
Maintaining these control stations, moving receiver/transmitters about, and
performing the calibration process is extremely expensive and labor-intensive.

In addition, all dredging and survey operations are vertically referenced to
the vessel performing the work. This reference is generally related to a tide or
river gauge to reduce the depth readings to some datum, for instance, mean
lower low water (mllw). This method assumes that water surface elevations at
the gauge site accurately represent the surface elevations at the survey site.
Actually, surface elevations can vary significantly between the gauge and the
survey sites. Offshore tide gauges have been introduced as a means to produce
mathematical models of the surface characteristics of a water body. With

! Chapter 3 was extracted from Enge and Pfleiger (1992); Frodge, Remondi, and Lapucha

(1994); Geier, Loomis, and Kleusberg (1992); Wells and Kleusberg (1992); and Wells, Wells,
and Kleusberg (1992).
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GPS, vessel altitude is determined relative to the World Geodetic System-1984
(WGS-84) ellipsoid. Once an onshore tide gauge reading has been referenced
to WGS-84 ellipsoidal elevation (by collocating a GPS receiver with the tide
gauge), vessel depth gauge readings can be determined relative to mllw with-
out the use of water-surface modeling.

In the late 1980s, Geier, Loomis, and Kieusberg (1992) conducted an analy-

sis for a kinematic positioning system based on GPS. They believed a system
: <~ £

requiring no onsite calibration and only one reference station would signifi-
cantly increase the efficiency and productivity of the Corps hydrographic sur-
veying. If such a system could simultaneously provide sufficient vertical
accuracy, it could also serve as a means to rectify the tidal datum. For such a
system to be accepted by the user community, it would have to provide a
horizontal positioning accuracy of +2 m and a vertical accuracy of +0.1 m.
Geier, Loomis, and Kleusberg (1992) stated that even though a GPS kinematic
positioning system may not require calibration to its reference station, it might
have to be calibrated or aligned to the local project datum.

With deployment of GPS, the potential for a kinematic positioning system
meeting those accuracy requirements materialized. Relative positions of a
moving antenna meeting those accuracy requirements potentially were possible
using GPS. Differential positioning using carrier-smoothed pseudoranges had
demonstrated accuracies of a few meters. Differential kinematic surveys using
carrier phase measurements had ‘demonstrated accuracies of a few centimeters.
However, experiments using the latter approach employed methods to initialize
carrier lane ambiguity that were operationally inappropriate in the marine envi-
ronment (occupation of known baselines, antenna swaps, static surveys, etc.).
Additional development would be needed to recover full performance after loss
of signal and cycle slips. Data transmission, handling, and reduction had not
been fully developed for operational use in the late 1980s (Geier, Loomis, and

PR NN

)

GPS

The NAVSTAR GPS is a passive, satellite-based, navigational system oper-
ated by the U.S. Department of Defense. GPS became fully operational in the
mid-1990s. GPS consists of a complement of 24 satellites, control systems,
and users. The nominal satellite altitude is slightly higher than 20,000 km,
resulting in an orbital period of 12 sidereal hours. The satellite constellation is
oriented such that viewed from any place on earth, at least four satellites will
be visible above the horizon at virtually all times (Wells and Kleusberg 1992).

The control system consists of monitoring stations on Diego Garcia,
Ascension Island, Kwajalein, and Hawaii, and a master control station at the
; Consolidated Space Operations Center, Colorado Springs, CO. The purpose of
the control center is to monitor the health of the satellites, determine their
orbits and the behavior of their atomic clocks, and to transmit data to the satel-
lites for rebroadcast to the users. These data contain ephemerides describing
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the satellite orbits, satellite clock-synchronization parameters, and a satellite
health (usability) flag.

Each satellite transmits at two radio frequencies: 1,575.42 MHz (L1) and
1,227.6 MHz (L.2). Three kinds of modulations are imposed upon these car-
riers: (a) a 50-bit/sec modulation that contains the mess: i i
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GPS receivers track these signal components from several GPS satellites
simultaneously to obtain enough information to determine their own position.
The satellite orbital information in the message from each satellite is used to
compute the position of that satellite. Either the C/A code or the P-code can
be used to measure the distances between the receiver and each satellite. Each
distance measurement implies the receiver is somewhere on the surface of a
sphere centered at the satellite with radius equal to the distance measurement.
Simultaneous measurements to several different satellites yield several such
spherical “surfaces of position.” The 3-D (x, y, z) position of the receiver is
found by determining the point at which these spheres intersect.
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Feasiblility of decimeter-level GPS

In 1989 Wells and Kleusberg (1992) concluded that as far as the feasibility
of decimeter-level positioning was concemned, the most important practical
aspect was the possible use of the carrier to provide distance measurements,
which would be far more precise than the distances measured by using the
codes. Range measurements could be made with a precision of approximately
1 percent of the wavelength of the signal being used. The GPS L1 carrier (at
about 1.6 GHz) has a wavelength of about 20 cm, implying a ranging precision
of 2 mm. In contrast, the P-code (with chipping rate of about 10 MHz) has a
chip length of 30 m, implying a ranging precision of about 30 cm, and the
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C/A code (with chipping rate of about 1 MHz) has a chip length of about
300 m, implying a ranging precision of about 3 m.

- However, the higher precision of carrier measurement would not come
without cost. P-code ranges were unambiguous. C/A code ranges were
ambiguous with a modulus of about 300 km (C/A code ranges included an
unknown multiple of 300 km), which would be relatively easy to resolve.
However, L1 carrier ranges were ambiguous with a modulus of about 20 cm,
which wouid be much more difficuit to resoive; hence, it was important that
the carrier be tracked continuously without cycle slip (or if cyclic slips
occurred, that they be correctable). Data-link alternatives were investigated by
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Absolute versus differential GPS positioning

Absolute GPS. GPS was designed to provide a point-positioning capabil-
ity. In this mode, the coordinates of a point are determined using signals
received by a GPS receiver simultaneously from several GPS satellites. This is
called absolute positioning and is the method designed to meet the primary
GPS military missions, as well as many nonmilitary applications.

As shown in Figure 2, there are three GPS absolute-positioning techniques,
each with different levels of accuracy. Civilians will have access to the SPS
positioning service, using the C/A code for range measurements. This is a
littie less than half as accurate as the precise PPS positioning service, availabie
J.S. and NATO military users, as long as the intentional degradation known

ot been applied, in which case the SPS becomes

¥

PN S, :

ciive avail

apuity

Q
O
w2

1

3 %]
£,

Q

[¢]
g2

s'b
=g
5 ¢
g

:

:

o -

=3

&

X

2
gy E’

3 &

¢
¢

. &
7
s3
N
£

[
I
:
L
|
f
[}

W a
tioning at each of two receivers will have almos

smaller. This is the basis of differential GPS positioning, also called relative
GPS positioning. More than one receiver must be used, and the coordinates of
at least one of the receivers must be known.

Figure 2 also shows the comparison of four differential GPS positioning
methods. The method labelled differential code does not make any use of the
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SPS with selective availability <—@—
JVU 111
- SPS without selective availability <-e—
20 m
PPS with ant1-spoof1ng<—80—>
m
ABSOLUTE
DIFFERENTIAL -<«— > differential code
i0m
e—» carrier-smoothed code
2m _
-<+-@— ambiguity-resolved carrier
2cm
l«—@————» static survey
3 mm
i 1 1 ! !
1 mm 1cm 10 cm Im 10 m 100 m

Figure 2.  Absolute and differential GPS. (Arrows show range of accuracues
to be expected. Dots and numbers repr '
within that range) (from Wells and Kleu

carrier at all. It does permit PPS users to improve their accuracy slightly, and

SPS users with selective availability can achieve accuracies nearly comparable

to PPS users. ‘

The method labelled carrier-smoothed code combines the differential-
positioning capabilities of the GPS code with the differential vehicle dis-
placement sensing capabilities of the carrier. This method, successfully
demonstrated in several field trials by 1989, does not require that carrier ambi-
guities be resolved. The effect of carrier cycle slips is transitory.

The method labelled ambiguity-resolved carrier realizes the full precision of
carrier measurements by resolving the carrier ambiguity and preventing or
reliably correcting cyclie siips. (The resoiution of carrier ambiguities on the fiy

was the technique used in aevelopmg the Corps of Engineers real-time GPS

. T d 2 e D acanen 1. TDewm cvoenenn )

positioning system by the Dredging Research Program.)
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GPS is a 3-D. positioning system. However, determination of horizontal
coordinates and determination of height have different characteristics. For
vessels operating on the sea surface, horizontal coordinate determination is the
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primary tool for navigation and track control, while height determination
monitors sea level.

Corps of Engineers ﬁ'eai-Time, On-the-Fly
Differential GPS System

Since 1988, the DRP has been developing a GPS carrier phase-based posi-
tioning system for hydrographic surveying and dredging (Figure 3) (Frodge,
Redmondi, and Lapucha 1994). This system provides real-time 3-D positions

with horizontal and vertical accuracies of less than 10 cm over ranges up to
20 km from a single known reference station. The system does not require
static initialization. The project passed from concept development through

feasibility studies, system analysis, resolution of carrier ambiguities on the fly
(OTF), to final system integration.

m&yw

Figure 3.  Real-time OTF GPS

Real-time testing of the system began in March 1993, and public demon-
strations began in October 1993. Testing of the system has been performed
under various conditions to ecvaluate the limits of OTF ambiguity resolution for

is sitioning m vmg plauomns lcsm navc shown lndl this system is
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only a single shore station of known coordinates is needed, and daily calibra-
tion is not_necessary)

OTF system

The real-time OTF prototype delivers high-precision kinematic positioning
accurate to about 2 ¢cm at the antenna phase center, while simultaneously pro-
viding a separate output for meter-level differential GPS (DGPS) for naviga-
tion purposes. A block diagram of the system is shown in Figure 4. The
system performs OTF carrier phase ambiguity resolution.

H OTF PROTOTYPE SYSTEM
L] mwoo
unK
NAVIGATION/
e DIFFERENTIAL DATA
METER LEVEL
L2 [~ | DiFFERENTIAL
L— PROCESSOR
LE 4 SERIAL PORTS
USER STATION 486/33 PROCESSOR
(VESSEL) M5 DOS
L—" Lz BASE STATION
RECEIVER PROCESSOR
2 SERIAL PORTS
BASE/REFERENCE 2883 PROCESSOR
MONITOR STATION MS DOS
(SHORE)

Figure 4.  Block diagram of OTF prototype system

As a design constraint, the OTF system was developed using only equip-
ment that could be purchased off the shelf. The OTF software is the heart of
the system and was the focus of much of the development effort. The soft-
ware was designed to require minimum operator attention and has several
built-in quality-control procedures to ensure that high performance and reliabi

j—

“The system consists of setups at the reference (monitor) and remote (user)
stations and a data link, shown schematically in Figure 4. Dual-frequency
(L1/L2) GPS receivers are required at both the reference and remote stations.
Shipping the raw data from the reference station allows a single 386SX PC to
carry out the reference station functions. These functions include setting the
GPS receiver to output the required data, translating those data to the desired
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format, and transferring the formatted data to the data link for transmission.
Additionally, the station package is capable of recording data at the operator’s

-request. Although the prototype was developed and built using 486 computers

and Trimble 4000 SSE receivers, other platforms and receiver types are being
interfaced to use the OTF software.
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ware is “smart,” and will automatically detect the need to

reinitialize. The software will also trigger reinitialization if quality factors
based upon residuals fail to meet certain predefined limits. Note that the sys-

tem is still capable of meter-level DGPS navigation even if loss of lock occurs;
the system will provide this function for a limited time even without data from

the reference station.

o
f
v
(

wn (¢
=3

i

,

C

»

(
wn O

The system uses L.1/L.2 carrier phase and C/A code ranges for ambiguity
resolution. The system has been designed not to rely on the continuity of
L2 carrier phase, since only the fractional phase part of the L2 carrier measure-
ments is used. After ambiguities are resolved, only the L1 carrier ranges are
required to maintain the high-precision KOTF positioning. Note that the Inter-
face Control Document 200 (ICD 200) parameters are required by the system
not only at startup of the software, but whenever the GPS satellite consteliation
changes or an ephemeris update occurs. Figure 5 depicts the general flow of
‘‘‘‘‘‘‘ d GP cess uses ode and L1 car-

A wamoao

TiCT ranges.

The current prototype was developed on the premise that all required raw
GPS observations (GPS time lag, L1/L2 carrier phase, C/A code) are transmit-
ted from the reference monitor station and that the actual computations neces-
sary for KOTF and DGPS take place at the remote user station. The KOTF
process requires time-matched reference and remote-station data. In the code
differential

S % 1l 13 3 3

remote-station observations, as is done in standard DGPS

process, extranolated reference-station differential corrections are
t

P the current rem t
systems. The difference is, however, that these corrections with their rates are

generated at the remote site from the raw data that were received from the
reference station data.

The system can be interfaced with any other system requiring this level of
accuracy in positioning, using an interface string. The string was designed to
be as close as possible to the existing National Maritime Electronics Associa-
tion GPS string formats (NMEA 0/83). The system works in a robust and
reliable manner out to the design-goal range of 20 km in real-time, although
the range limit is greater.

Horizontal/Vertical Positioning System
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1CD 200
STARTUP OF ICD 200
JIONOSPHERIC
OTF SOFTWARE EPHEMERIS
ﬂ PARAMETERS PARAMETERS

START OF HIGH- FOR EACH SV AT EACH EPOCH:

PRECISION KINEMATIC L2 PSEUDO-RANGE

INITIALIZATION PROCESS L2 CONTINUOUS PHASE

RECEIVE TIME OF MEASUREMENT
SIGNAL TO NOISE VALUES
]
|
POC FOR EACH SV AT EACH EPOCH:
A 2! L1 PSEUDO-RANGE (m)
PROCESS... UNTIL PROCESS L1 CONTINUOUS PHASE
COMPLETE (15 SEC) CYCLE SLIPLOSS OF LOCK DETECTION
RECEIVE TIME OF MEASUREMENTS
SIGNAL TO NOISE VALUES

EPOCH n1 - EPOCH n2

OF HIGH-PRECISION
OTF-KGPS (INDEFINITE TIME)

Figure 5. Schematic of information flow required by OTF system

Real-time testing

Real-time testing was broken into stages that progressed from static-baseline
tests, to land-mobile tests, and finally to tests in an operational environment
aboard a survey vessel. Static tests determined that the system performed well
over the full variation of GPS visibility and conditions. Typically, positions
were obtained 98 percent of the time. The remaining 2 percent of the time,
integers could not be established because of poor-satellite constellations (con-
taining several low-elevation satellites) or not enough satellites.

The usual setup for any land-mobile test or demonstration entailed setting
up a truck or cart as the mobile remote user and then navigating the user sys-
tem to positions previously established using static GPS methods. Horizontal
positions checked within 1 to 2 cm, and the vertical positions were within 1 to
3 cm. The system was also closely observed while enroute between stations,
with driving speeds varying between 8 and 40 km/hr. Its performance was
found to be very satisfactory.

The next step was to move the system onto a survey vessel. Initial tests
had the OTF reference station installed atop an office building, and the remote-
user equipment was installed on the survey vessel. The tests compared the
real-time vertical positions obtained over time using the OTF system with tide-
gauge readings to determine vertical accuracy relative to tidal movement of the
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vessel. For these tests, the vessel was tied to the dock for a full tidal swing of
8 hr. Results varied from 1 to 2 cm in the vertical direction.
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Additional tests were conducted to demonstrate the OTF system onboard a
dredge in open ocean waters as well as in a busy harbor area. In a demon-
stration onboard the Corps hopper dredge Essayons, the system was operated
in ocean waters that provided 2- to 4.5-m swells. Also, since the Essayons’
work was in shipping lanes, vessel traffic was evident. In another test onboard
the Essayons, the system encountered a realistic operational environment that
determined the operational limits and constraints of the OTF system.

Conclusions

Centimeter-level accuracy in real-time is a reality. Tests have demonstrated
that this technology will have a great impact on both surveying and navigation.
This particular system is robust, reliable, and easy to use and has surpassed its
original design-goal specifications. The tests have shown that real-time tide
corrections using OTF are possible; this is very important for the dredging
industry. The system has far exceeded the original design specifications and
can be used today as a reliable working system for applications that require
real-time centimeter horizontal positioning. It is also a valuable engineering
tool for those operations for which postprocessed data will suffice. In reality,
it has been demonstrated that real-time OTF is as easy to provide as DGPS
within the current range limitations of 20 km (Frodge, Remondi, and Lapucha
1994).
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4 Production-Metel
i
Technology

A dredge production-meter system consists of a density gauge, a velocity

2 EAEEDY prYEE = Vet = TEEEIEELRS OO
meter (flowmeter), an output display that is easy to visualize and understand,
and a means of recording, storing, and totaling the data. The velocity meter
and the density gauge together estimate dredge production. The accuracy of
this estimate is a function of the accuracy of the individual meters.
Production-meter information can be used to increase dredge production and
improve overall dredging efficiency. The data also can be used to improve
understanding of the dredging process and the effect of specific parameters on

an individual dredge.

There are several types of velocity meters (i.e., electromagnetic, doppler
acoustic, and differential pressure), each with its own level of accuracy. The
same is true for density-measuring devices. Calibration is performed at the
factory by manufacturers’ representatives using an average type slurry. As the
slurry type changes under real dredging conditions, the output information
from me sensors will vary. Under identical conditions, a production caicula-
oppier velocity meter and nuciear density gauge values may be
from calculations made using a bend velocity meter and pressure
1 T

fic gravity U loop values.

A study was conducted by the DRP to identify instruments being used by
operating dredging companies to measure and monitor dredge production. The
study consisted of a survey of production-meter use, supplemented by informa-
tion from instrument manufacturers and by visits to manufacturing plants and
several working dredges. The velocity meters and density meters identified in
the survey were later comparison tested under similar conditions to determine
instrument accuracy and reliability over a range of operating vaiues.

! Chapter 4 was extracted from Pankow (1989, 1990, 1991) and Scott (1992).
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User survey

Survey questionnaires were sent to 472 foreign and 197 domestic dredging
organizations (including Corps District offices) (Pankow 1990). Of the
56 organizations that responded, 32 organizations (14 foreign and 18 U.S.)
used some type of production-monitoring instrumentation on 72 dredges. Also
reporting were 24 organizations (8 foreign and 16 U.S.) that at the time of the
survey had no production-measuring instrumentation on 51 dredges. In the
United States, 32 dredges were reported to be using some type of production-
monitoring instrumentation (14 hopper dredges, 16 cutterhead pipeline dredges,
1 sidecaster dredge, and 1 dustpan pipeline dredge).

The pipeline dredges ranged in size of discharge-pipe diameter from 8 to
45 in. Most were in the 8- to 16-in. and 24- to 36-in. range. The size of the
hopper dredges, as measured by the capacity of the hopper bin, ranged from
500 to 16,000 cu yd, with the majority being in the 2,000- to 6,000-cu-yd size
range.

Instrumentation used

The most frequently reported combination of velocity and density meters
was the magnetic velocity meter and nuclear density gauge: 36 of the
52 dredges with complete production-meter systems used this combination
(21 hopper, 15 pipeline). Ten dredges used a doppler velocity meter with a
nuclear density gauge (6 hopper, 4 pipeline). Eleven of 13 dredges that used
only velocity meters were pipeline dredges. They used eight doppler, two
magnetic, and one pressure gauge to monitor slurry velocity. The velocity
meters used on the two hopper dredges were of the pressure-gauge type. The
single dredge that reported using only a density gauge was a cutterhead dredge
that used a displacement gauge to determine slurry density.

Output displays

The cross-point display for production-meter systems was specified as being
used on one-third of the dredges. This single display provides three pieces of
information to the user. One pointer indicates slurry velocity, another pointer
indicates slurry density, and the intersection of the two pointers indicates the
dredge’s production rate. Another one-third indicated use of analog displays
other than cross point, and the remaining one-third used a variety of digital
and graphic displays.

Uses of production-meter information
All dredge operators who had production-meter information available

reported using the information to help increase the density of the pumped
slurry and thus to increase production. One dredge operator used the

\ 29
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production meter as a training aid for new levermen, while another used it to
evaluate and compare leverman efficiencies. One sidecaster dredge operator
used the production meter to optimize production by varying the vessci’s oper-
aung parameters such as vessel speea through the water, pump
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digging depth. Some operators whose dredges had only velocity meters moni-
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iorea tne Siur VEIOCily 10 mainudin a CEridil Criitair vEiOLity 101 UiCit pipc-
line. This was stressed as especially important when long pipelines were in
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Production (velocity and density) meters identified in the worldwide survey
as being used onboard operating dredges were laboratory tested to evaluate
instrument performance under controlled conditions of slurry type, concentra-
tion, flow, and pipe orientation (Pankow 1989). Tests were conducted at
Georgia Iron Works (GIW), Inc., a pump uesrgn ana fabrication company that
operates a resear’ h facility to test I

brated accordmg to manufacturers Drocedures by th manufacturers factory
technicians. Once the tests were started, no adjustments were made to any of
the meters. The meters tested included: (a) doppler velocity meters (Leeds &
Northrup, Texas Nuclear, Polysonics); (b) magnetic velocity meters (Brooks,
Rosemount); and (c) nuclear density meters (Texas Nuclear, Kay-Ray).

Test slurries and methods

A series of tests were run with four different grain-size materials each at
three different concentrations (20, 30, and 40 percent concentration by weight)
through a flow range from O to 4,000 gpm (0-26 fps). The test instruments
were mounted on a U-shaped section of pipe that could be raised 90 deg from
a horizontal to a vertical orientation. The diameter of the pipe used for these

tests was 8 in. Data for the control and test meiers were taxen at 12 to
i5 pomts along the flow range with the pipe orien
1 2~
1 10

S Ty ~ PR, . . ™ PR AL tle o 4ot s atan A tllo G nl Al on el e
¢ horizontal POSIION. 11NE€ 10CdUOIlI O UIC LTS HLICICES D11 UL Spelldl SClUon
it T chna ]t Tlian £ Alams xidth tha lanntine AF o Sloco Ahoamrati e
Ol plpc 1S LIUSUdlcd il rigulc v, aivily wildl uic 1otatlull U1 a gladd ULdXCIvValvll
cartl A M e T nfte. aemd Aasmnlter ;mmataro 1nra lanntad neevenvien ntals
SCCUOI.  111IC€ CONnuol vEioCily dlld UCIISILY HICIWCIS WUIL 1utailtlu applUAliLLaicly
330 ft upstream from the test instruments. Table 1 lists the test conditions.
Before each new material was tested, data were collected through a range of

velocities with only water in the test loop.
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Figure 6.
Table 1
Production-Meter Laboratory Test
Conditions

I Material Types
Gravel D, = 16-19 mm
Plaster sand Dy, = 0.70 mm
Foundry sand Dy, = 0.30 mm
Sand washings Dy, = 0.06 mm

Slurry Velocity Range

0 - 26 fps (O - 4,000 gpm) |

Slurry Concentrations ]

Specific gravity (SG) = 1.1-1.3

Concentration by weight (C,) = 15 - 40 percent

Test Loop Orientation

Vertical

Horizontal

GIW instrumentation loop for testing dredge production meters

Test results

Table 2 shows the largest
percent difference values
from the control velocity and
density meters for the range
of concentrations and material
types tested in both the verti-
cal (90-deg) and horizontal
(0-deg) pipe orientations.
Concentrations by weight
ranged from 15 to 40 percent
for four different material
types: (a) plaster sand;

(b) foundry sand; (c¢) sand
washings; and (d) gravel.
With sand slurries, the
nuclear density meters had
values within 1 percent of
each other; for gravel this

increased to almost 5 percent. The magnetic velocity meter values were within
4.7 percent of each other for sand slurries and 5.7 percent for gravel. Both
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Table 2
_Largest Percent Difference from Control for Slurry
Concentrations
: Sand
Plaster Sand Foundry Sand Washings Gravel
Pipe Orientation, deg
Manufacturer 90 0 90 0 90 0 90 0
Nuclear Density Gauge
Texas Nuclear -0.1 -0.7 0.0 2.2 0.5 -0.1 4.0 50
Kay-Ray -0.1 -20 -1.0 2.2 0.7 0.5 -0.7 75
Magnetic Velocity Meter
Brooks 0.1 25 05 |-37 2.1 1.0 00 | 50
Rosemount -1.0 50 -1.5 1.0 35 -15 20 |-0.7
Doppler Velocity Meter
Leeds & Northrup | -7.0 -6.0 0.0 7.0 -5.0 -5.0 20.0 |[17.0
Texas Nuclear 20.0 30.0 25.0 20.0 15.0 15.0 15.0 |50.0
Polysonics -15.0 -15.0 -15.0 -7.0 -10.0 -15.0 -120 |-75

performed better when mounted on the vertically oriented pipe section. The
data for the doppler velocity meters show similar trends and, although each
meter is fairly self-consistent, there are distinct differences among the three
doppler velocity-meter test values. The doppler velocity meters show greater
differences from the control velocity meter than did the magnetic velocity
meters in all cases.

The meters were influenced by material type in that the gravel data pre-
sented the greatest percent difference for both the velocity and density meters.
Slurry flow had no significant effect on the magnetic velocity meters or the
nuclear density meters, but did affect the doppler velocity meter values. The
differences between the control velocity-meter values and the test doppler
velocity-meter values increased with increasing slurry flow. At a control-meter
flow of 1,000 gpm (6.5 fps), the doppler velocity-meter values were from
0.5 to 28 percent higher than the control velocity meter, and at a flow of
4,000 gpm (25.6 fps), values were from 22 percent lower to 16 percent higher.
This trend was observed with the doppler instruments when the pipe was in
either the vertical or the horizontal orientation. At high flows, even without
sediment, the doppler velocity meters tended to record lower values than the
control velocity meter.

Slurry concentration appeared to have only a minor influence on the meter
values in all but one condition. In general, the percent difference increased
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slightly with the increase in slurry concentrations. However, at high slurry
concentration, low flow, and horizontal pipe orientation, material settled on the
bottem of the pipe and moved as a sliding bed with higher velocity less-dense
fluid moving above the bed. This condition is conducive to dune formation

and movement, which was observed. With this condition present, erroneous or
erratic values could be recorded.

The nuclear density meter is the only readily available densitometer used on
contemporary dredges. It is reliable, accurate, and safe to use. However, it
does employ a radioactive source and therefore a Nuclear Regulatory Commis-
sion (NRC) license is required. Many dredge operators prefer not to use this
type of meter because of the licensing and training required.

This laboratory study indicated that, for determining dredge production, the
most reliable instruments for measuring slurry flow and density are the mag-
netic velocity meter and the nuclear density meter, respectively (Pankow

1989). Their accuracy is enhanced when they are mounted on a vertical pipe
section.

Evaluation on Dustpan Dredge Ja

To gain field experience for planning, installing, and operating a
production-meter system, such a system was installed on the dustpan dredge
Jadwin by DRP researchers (Pankow 1991). Since this was to be a temporary
installation, the decision was made to use a doppler velocity meter, which,
along with the nuclear density meter, is clamped to the exterior of the dis-
charge pipe. The use of a magnetic velocity meter requires the installation of
a specially lined pipe section containing the velocity sensors. These are cus-
tom manufactured and are not usually available for temporary use. The acous-
tic doppler velocity meter is frequently used on pipeline dredges, and its use
on the Jadwin provided an opportunity to observe its performance.
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slurry is discharged against a baffle plate at the end of a 1,000-ft-long floating
discharge line. The production meter was used to evaluate the effect of pump
speed and water-jet pressure on dredge production.

A production-meter system that consisted of a Berthold nuclear density
meter, a Berthold signal processor and production calculation unit, a single-
sensor Polysonics doppler velocity meter, a vertical bar output display, and a
dot matrix printer was leased for inst.a_llauo 1 aboard the Jadwin in August
1989. The installation took place while the Jadwin was active in dredging in
the Mississippi River. The installation d1d not interfere with the dredgin g
process since all sensors were mounted on the outside of the discharge pipe.

Calibration

The velocity meter was factory-calibrated on a pipe section of the same
material and size as the Jadwin for a velocity range of O to 26 fps with a 4- 0
20-MA output signal. Only one measuring point was necessary for start-up of
the density meter, but the system has the capability to accept additional cali-
bration values for increased accuracy. A density meter is best calibrated by
passing two materials of known density through the pipe, ideally the carrier
fluid and the dredged slurry. On the Jadwin it would be difficuit and danger-
ous to attempt to capture a sample from the end of the discharge pipe as it hits
the oame plate. It also woma not oe 1ru1y represemauve of the average mate-
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: input value is the in-situ density of the bottom material.
For the sandy sediment to be dredged by the Jadwin, a simple field expedient
procedure was used to provide a good approximation of in-situ density. This
procedure should only be used with predominantly sandy material containing

very little mud or silt.

Dredging parameter test

Dredge-pump speed. The production-meter information was used to better
understand the effects of dredge-pump speed and water-jet pressure on the
Jaawin's dredging ability. With the water-jet pump operating in the normal
mode of 70 psi at 1,000 rpm, the dredge-pump speed was varied from 150 to
190 rpm and production-meter data of slurry density and velocity were
recorded. The data show that slurry velocity is initially directly related to
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dredge-pump speed, but the velocity reaches a maximum and then remains
constant, as shown in Table 3. The slight decrease in slurry density at
. 170 rpm is inconsistent, and even though the siurry velocity increased (fro
the 160-rpm value); a decrease in production raie was observed.

a1 e T PO . S POy

""')

£Se
illustrate that density is the more important factor in the production equation.

Table 3

Influence of Dredge-Pump Speed on Production

Pump Speed Density Slurry Velocity Production Rate
rpm {specific gravity) fps cu yd per hr
150 1.16 ) 17.5 2,400

160 1.18 17.7 2,900

170 1.16 18.7 2,700

180 1.22 21.0 4,300

190 1.20 21.0 3,727

Water-jet pressure. To evaluate the effect of water-jet pressure on dust-
pan dredging, the water-jet pump pressure and speed were varied from O to
70 psi with the dredge-pump speed held constant at 190 rpm. The data of

Table 4 show that a water-jet pump pressure between 16 and 38 psi (500 to

750 rpm) is needed before a pipeline slurry density above 1.1 specific gravity

can be obtained. There appears to be a minimum water-jet pump pressure

necessary to fluidize and expand the sediment for creating a sediment environ-

ment for the dustpan head to dredge.

Tabie 4

influence of Water-Jet Pump Pressure on Production

Pressure Density Slurry Velocity Production Rate

psi (specific gravity) fps cu yd per hr
0 1.05 231 1,240
6 1.09 22.6 1,945

16 1.09 22.3 1,867

as 1.15 217 2,930

50 1.17 21.4 3,274

. 70 1.19 21.2 3,728
4 Production-Meter Technology
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Recommendations from the Jadwin tests

. The experience with the production-meter system on the Jadwin produced
several recommendations for the planning, purchasing, installing, and function-
ing phases of similar operations. Some areas of consideration are:

a. Include the users of the equipment and the data in the entire planning
process. Each user may have different needs, and all needs should be
addressed.

b. Decide on the units of measurement for the output gauges and identify
the realistic ranges of readings that will be obtained.

c. Be sure the contractor understands the dredging operator’s needs and
provides an explanation of all equations used to calculate dredge
production.

d. Have the output readout display calibrated so the normal operating
© range is about midscale and specify a scale of values that would detect
changes of 2 to 5 percent.

e. Keep the output display uncomplicated so the primary user can easily
observe and understand the readings.

f- Decide where the output gauge(s) will be located; identify the
acceptable parameters of instrument height, light, noise, and other
characteristics.

g. If the system is enhanced with computer recording capabilities, use
software that can be easily modified and that will meet all users’ needs.

h. Fully understand the operation and maintenance of the equipment and
take full advantage of manufacturers’ training courses when offered.

i. Start early in the purchasing process to fulfill NRC requirements for a
General or Specific License.

J.Verify that meter service is available and that the manuals on the
dredge are the same as the ones used by the service technician; deter-
mine the hours when this service is available.

Preplanning and good communication with the instrument vendor are
essential to minimize problems that may arise during the installation of new
dredge production meters and instrumentation (Pankow 1991).
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Evaluation on Hopper Dredge Wheeler

Field tests were conducted by the DRP on the hopper dredge Wheeler to
evaluate the accuracy and reliability of production meters used when dredging
in a fine-grained sediment environment (Scott 1992). Hopper loads were cal-
culated from production-meter data for comparison to load calculations per-
formed by the more conventional method of using a load-displacement system
also installed on the dredge. This study provided data for users of production
meters on hopper dredges to more accurately calculate real-time dredge pro-
duction during dredging operations. -

It is generally accepted that in coarse materials (sand), the nuclear density

meter produces accurate data. It was desired to evaluate the accuracy of such

meters when dredging fine-grained materials such as silt an

The Wheeler is a large trailing suction h
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than 400 ft. Three drag arms, two side drag arms with 28-in. suction pipes
and a center drag arm with a 42-in. suction pipe, are used to fill the
8,000-cu-yd hopper. The drag arms were each equipped with production
meters consisting of nuclear density meters and magnetic velocity meters.

The production meters were installed on the Wheeler by IHC Holland. The
production-meter system was manufactured by Observator, a Dutch company.
Magnetic velocity meters are intrusive meters with electrodes penetrating the
pipe wall. The meters require installation of a separate pipe section into the
dredge pipe. Production-meter output is directed to a processor in the pilot
house and is displayed on an analog cross-point display unit. The cross-point
display indicates the optimum solids flow rate in the pipe along with the pro-
duction rate of material in the pipe.
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recorded for months at a time before the hard disk reached its full capacity.
Commercially available software was used to reduce and analyze the field data.

Load-measurement system

A load-displacement monitoring system was installed on the Wheeler 10
measure the load in the hopper. This system uses a hydrostatic pressure bub-
bler gas system attached at the bow and stern of the vessel to relate the hydro-
static pressure change to vessel draft and then convert draft to hopper load
through vessel load-displacement tables. The bubbler pressure output is con-
verted to load and displayed on a chart recorder in the pilot house. Load data,
along with measurement of the volume of water in the hopper before the load-
ing begins, are used to calculate the production of each load in in-place cubic
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yards. The system is calibrated by filling the hopper with water of a known
density and recording the total weight of water for a full hopper with a volume
of 8,000 cu yd. Water calibration tests performed by WES indicate that the
load-displacement system was capable of measuring the load with an accuracy

of approximately 2 to 5 percent.

(-]

Test and analysis

Twenty-three loads recorded within a 2-day period were analyzed for this
study. The analysis consisted of comparing hopper-load data from load-
displacement measurements with production-meter load calculations resuiting
from the production-meter data-acquisition process. The analysis was per-
formed in two parts: (a) a comparison between the caiculation of average den-
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determined by the computer. Because of the fine silt sediments being dredged,
no overflow was allowed. To accurately calculate the average inflow density
and cumulative load pumped into the hopper, starting and stopping times were
required for the calculations. The Wheeler is equipped with an automatic light
mixture overboard system that automatically opens a valve to direct the flow
overboard when the density of the mixture falls below 1.05 g/cm’. When the
density of slurry in the pipeline exceeds 1.05 g/cm’, the filling cycle begins.

During the production-meter tests, ultrasonic surface detectors were
installed over the Wheeler hopper to measure the level of material in the
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hopper. Data from these sensors indicated when the level of material in the
hopper reached the top of the overflow weirs. This point in the filling cycle
was used as the end point for the production-meter load calculations.

umped into the hopper, density

0 load w analyzed i data icul
were summed and then divided by the umber of points recorded. To
culate the total load pumped into the hopper, each data point recorded for
velocuv and density was incrementally summed within an equation describing
mass flow to calculate the slurry load in long tons.

nsity data recorded for a particular

Study results

Results of this study are presented in Table 5. The 23 loads are listed with
load-meter and production-meter comparisons of average hopper load density
in grams per cubic centimeter, and total hopper load in long tons. Average
hopper load densities calculated by the load-displacement meter and the pro-
duction meter have almost identical mean values, 1.298 and 1.295 g/cm
respecuvely, and have an average standard deviation of 0.0367 and

’.1 " -
0369 g/cm”, respectively, indicating a strong correlation between the two
ata sets. On the other hand, the total ioad data comparison between the two
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This difference in total load may be explained by the condition of the
hopper doors durmg the study period. About 2 weeks after the study, the
Wheeler experienced a failure of one of the hopper doors to close, requiring
emergency repairs. It is conceivable that the door was experiencing problems
with closure during the study period, requiring a longer fill time and subse-
quently a higher load indication by the production meter (material was simply
being recycled through the hopper dredge back to the channel bottom). The
production-meter data indicate an almost threefold higher standard deviation
from the mean than the load meter data, thus reflecting the varying capability
of the hopper to hold its load if the hopper doors were not closing properly

during the study period.

Total load calculations with the production meter require an integration of
velocity and density measurements over the dredging cycle. This requires an
accurate method of slurry velocity measurement, such as the magnetic velocity
meter. These meters, when properly calibrated and serviced, have proven to
measure velocities to accuracies of Iess than 1 percent of full scale. The use
. of production meters for calculating production on a load-to-ioad basis for

hopper dredges may be limited due to overflow and
doors, but for calculating the totai production of dre

w
(e}
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Table 5 |
Hopper Dredge Wheeler Load Study Comparison Data l
- Average
Average Load- Production-Meter Production-Meter
Meter Denslity Density Load-Meter Load | Load
Load gm/cu cm gm/cu cm long tons long tons
i i.272 1.237 6,100 7,698
2 1.272 1.281 6,100 7,658
3 1.2%2 B 1.283 6,100 7,055
4 1.272 i.267 6,100 7,480
5 1.272 1.310 6,100 7,679
6 1.304 1.349 6,250 8,009
7 1.356 1.339 6,500 7,762
8 1.314 1.343 6,300 7,328
9 1.356 1.317 6,500 6,917
10 1.314 1.346 6,300 7,477
11 1.314 1.313 6,300 8,299
12 1.252 1.238 6,000 7.466
13 1.252 1.2682 6,000 7,787
14 1.314 1.285 6,300 7,095
18 1.293 1.296 6,200 7,269
16 1.272 1.264 6,100 6,424
i7 1.397 1.314 6,700 7,649
18 1.335 1.336 6,400 6,731
19 1.293 1.303 6,200 7,824
20 1.283 1.214 6,150 6,615
21 1.252 1.295 6,000 7,718
22 1.293 1.277 6,200 7.7
23 1.293 1.315 6,000 7,842
Mean value | 1.298 1.295 6,213 7,454
Standard | 0.0367 0.0369 152.3 465.1
deviation

pipeline for a given project, production meters can provide a reliable and accu-
rate measurement of dredge production (Scott 1992).
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The Corps of Engineers depends almost completely on inspectors for quai-
ity control and performance monitoring of contract dredging. Automated

inspection tools (“‘silent inspectors

"

ps

the cost of responding to claims, and make dredge-production records more
atnmAdand snnsccilala i AdamctamAdalaly  aeed anlkl. Ase Affantlic:n niitnmntad
StdilddiU, dCCCSSIDIC, UldCIdLAIIUADIC, dlld UddDIC. AIl CLICCLIVE dUutuliidicd
dredge monitoring sysiem can provide useful unbiased information io all par-
ties involved in dredging activities (Rosati and Welp 1994).

A dredoe-onerations silent inspector (SI) svstem to automaticallv 1oe data

dredge-operations silent inspector (SI) system to automatically log data

from instruments generally maintained aboard hopper dredges, compute the
dredging activities occurring and the quantity of material retained, and provide

developed by the DRP (Cox, Maresca, and Jarvela (in preparation)) and is
currently undergoing testing and improvements. While the system is currently
designed for use aboard hopper dredges, its basic concept could be applied to
other dredge types in the future. The main output of the SI is a series of
dredge-operation data summary reports.
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inspection of dredging activities while at the same time, the number of dredg-
ing contracts has increased. Irregular and seasonal dredging workloads have
also made it difficult to provide an adequate number of trained inspectors on a
timely basis. This has resulted in some cases where the Corps has had to rely
solely on contractor-supplied information rather than on independently
recorded information to determine the validity of contractor claims.

! Chapter 5 was extracted from Cox, Maresca, and Jarvela (in preparation) and Rosati and
Welp (1994).
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The concept of providing dredge inspectors with an electronic tool for the
automated collection, analysis, display, and reporting of information about a
dredge’s activities would allow inspectors and contract administrators to better

-assess contractor performance, especially when the inspector is not aboard the

dredge. Recent progress in electronic instrumentation and data-logging sys-
tems makes it possible to collect and preserve information with greater detail
and accuracy than ever before.

System requirements

A survey was conducted of dredging managers at Corps Headquarters, Divi-
sion, and District offices to determine desired SI output requirements. Based
on the survey, it was recommended that an SI system should:

a. Use existing sensors and interface standards as much as possible.

b. Focus initially on hopper dredges, with future expansion of the system
to include other types of dredges.

¢. Require neither additional personnel nor extensive training of existing
personnel to use.
|
d. Facilitate importation of data from sources other than the dredge data-
acquisition system.

e. Be expandable ‘to meet future needs.

f. Produce data products that are useful for managing existing and future
Corps dredging projects.

g. Have a standard set of capabilities for general use but also have a pro-
vision to add any unique capabilities needed by individual Districts.

h. Provide a reasonable level of assurance that the correct data were
obtained from the contractor and that the SI data were not altered after
they were initially recorded.

i. Avoid use of proprietary technology.

The survey revealed that most hopper dredges already have most of the

sensors needed to implement the SI. Production and management of standard
reports are the primary ways the SI fulfills the system requirements.

System performance

The SI uses state-of-the-art computer hardware and software to simulta-
neously measure several parameters of the dredge’s activities, display this
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information, automatically produce Corps dredging reports, and provide a
permanent and transferable copy of this information. The system produces a
factual record of the dredge’s activities that is sufficient for dredging inspec-
tors to accurately assess contract performance even in the absence of a full-
time onboard ifspector. To do this, the SI performs the following:

a.

Measures a suite of information about dredging activities that will
enable the system and dredge inspectors to accurately assess the activi-
ties the dredge performed versus time and location and to assess adher-
ence to contract requirements.

Automatically creates dredging reports, such as trip (load), daily, and
job reports, from the collected data.

Measures, records, and reports dredging information in a standardized
format for similar types of dredges to allow the data to be transferred
easily between all Corps District offices.

Provides a means to electronically archive the data collected and trans-
fer them to users working on other hardware and software mediums.

Provides graphical display of collected data by time or location.

Provides a Corps-generated independent database of dredging activities
for use in settling claims brought by contractors against the Corps.

Provides flexibility and extendibility to meet changing system require-
ments and to meet each District’s unique system requirements.

Allows Corps users to add individual features without destroying the
integrity or operation of the basic system.

Provides the Corps a more accurate assessment of dredging activities,
downtime, and production rates for more accurate estimating of future
project costs and budgets.

Sl System Overview

The current version of the SI system was designed to work on hopper
dredges to perform the following functions:

a.

b.

Record data on several aspects of dredging operations.

Properly label the data with the project name, contract ID, dredge
name, trip (load) number, and dredging and disposal locations.

Chapter 5 Silent Inspector
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c. Compute the type of dredging activity occurring aboard the dredge at
any time, as well as the amount of material recovered in terms of tons
dry measure (TDM).

d. Automatically provide summaries of the trip (load), daily, and job-to-
date dredging activities on a similar basis to reports in use today.

e. Graphically display recorded data.

f. Archive the data for transfer to other SI systems and for permanent
record keeping.

Hardware and software requirements

The SI system for hopper dredges operates on the Unix operating system
and 486 PCs. The system software was designed to require minimal or no
user knowledge of the Unix operating system or commercial software packages
utilized within the system. User interactions with the system are via a graphi-
cal user interface that allows easy setup, operation, and data review.

Hardware. The SI hopper dredge system is designed to be used on PCs
because they are commonly used throughout Corps Districts. Communication
between computers is based on Ethernet. The system is composed of three
components: dredge-specific software (DSS); SHIP; and SHORE. The follow-
ing computer hardware is necessary for the designated components to ensure
proper operation: (a) 486 PC with minimum 33-MHz clock, VGA graphics,
standard monitor, 500-MB hard drive, 32-MB RAM (DSS, SHIP, SHORE);

(b) Ethemnet link (DSS, SHIP); (c) Postscript laser printer (SHIP, SHORE);
(d) streaming tape drive and tapes (SHIP, SHORE); and (e) uninterruptable
power supply (DSS, SHIP).

Software. The SI system was developed using several commercial soft-
ware packages. These packages provide the graphical user screens and data-
base engine on which the system is built. Consequently, each component of
the system needs to access these commercial packages to operate properly.
The following software packages must be purchased and installed on the DSS,
SHIP, and SHORE components for the system to work: (a) SCO Unix with
Open Desktop; (b) SL-GMS; and (c) Sybase relational DBMS (2-8 users).

Operational components

DSS component. The SI system is designed to accept specific types of
data about hopper-dredge operations into its central database. Each hopper
dredge contains a different suite of instrument types and locations, calibrations,
data formats, and types of data available; thus, actual sensor data must be
converted into engineering units, assessed for validity, and, in some cases,
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additional information must be computed to provide the required data inputs
into the central database.

While the output of each DSS is identical, input to a DSS generally will
vary from dredge to dredge; therefore, no two DSS units are expected to oper-
ate internally in exactly the same way. The DSS resides onboard the dredge.
Cox, Maresca, and Jarvela (in preparation) describe the DS

S
training and reference Si system for hopper dredges. That particular DSS
software resides on the same computer as the SHIP component, but it can
operate on a separate computer

SHIP component. The SHIP component is the heart of the SI system
Like the DSS, it resides onboard the dredge. Required measured data are
received from the DSS and are inserted into the system’s central database
The SHIP system also performs the following:

A

)

74
3

b. Computes and records the current dredging operation, called the dredge
state, as well as the amount of material retained (TDM).

c. Automatically creates standard trip, daily, and job reports based on the
recorded data. ;

d. Graphically displays any measurement data contained within the
database.

e. Automatically backs up and archives data.

/. Pemmits the user to input information concerning the dredging project,
dredge, its crew, dredging and disposal areas, and local marine

SHORE component. The SHORE component is quite similar to SHIP,
with the following excentions:
llowing exceptions:
a. SHORE does not contain real-time data-collection capability

b. SHORE is able to input and review multiple dredging project data sets.

SHORE executes on shore-based computers and provides data manipulation
and analysis, generates reports, and creates graphics using the same software
: suite as SHIP. The user interface is nearly identical to the ship-based user
interface. The major difference is the absence of the data-monitoring user
interface screens. Multiple SHIP data sets can be input into SHORE. Each

45
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remains unique based on the project name, contract ID, and dredge name
assigned to the data.

User entry of project and dredge information

SI System Capabilities

Information related to a dredging project, including the dredge name and
characteristics, crew, designated dredging and disposal areas, and landmarks
related to the local marine waters are entered into the system by the user.
Information the user can enter includes:

a.

o

Project data:

(1) Project name.

(2) Contract number (ID).
(3) Contractor name.

ineers Districti name.

®
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Dredge data:

(1) Dredge name.

(2) Dredge owner name.
(3) Dredge type.

(4) Year built.

(5) Vessel beam.

(6) Vessel length.
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(7 Vessel dredge pumps horsepow

(9) Vessel ;axrml,m speed: empty and full
(10) Vessel draft: fore and aft when empty and loaded

(11) Distance to draft sensors along vessel hull.
(12) Hopper maximum capacity.
(13) Distances in hopper to ullage sensors.

d. Crew members.

(1) Name.

- MNeadaing amac o 1
e. Dredging areas (stations)
(1) Dredging arca name
(2) x,y coordinates forming rectangle to represent dredging area

(1) Disposal area name.
(2) x,y coordinates forming rectangle to represent disposal area.

Landmarks.

x

(1) Landmark name.

(2) x,y coordinates of landmark location.

Measurements coliected by the Si system

DSS is required to insert into the SHIP d:

- concerning the hopper dredge’s operations. To do this, the DSS obtains data
_ originating from many instrument systems aboard the dredge, attaches a data
quality indicator to the data, and computes data values needed by SHIP that
are not directly measured. The following data are the required inputs from
DSS into the SHIP database (measured parameters and units)
47
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ODAantrant IT)
olluaut 1/
DNredos name
ulvusv 1iQilIv
Nate mm/dd/vv
Asiaee —_— Aksaaa rNarer g g
Time hr:min:sec
Vessel speed ' knots
Vessel heading degrees
Vessel position (x coordinate) feet
Vessel position (y coordinate) feet
Hopper door status open or closed
Pump-out status on or off
Vessel draft—aft feet
Vessel draft—forward feet
Water depth feet below ship
Port suction pump on or off
Port-side material recovery true or false
Port-side draghead depth feet below ship
Starboard suction pump on or off
Starboard-side material recovery true or false
Starboard-side draghead depth feet below ship
Nata Aalaniiatlane masda wilthhin CLIID
WMalilta valivdiauviio liauc willililt arir
The SHIP nnit comnnteg twn iteme: {a) the dredoing oneratinon nnderwav
A Liv VJAi LAl aiiie wnuyuwu LRAA VIS TSNS PN ) Q) iv ul\/uélllé U}J\;lutl\lll uiiuvl vy u],
called “dredge state,” and (b) the TDM of material collected. It also sums the
total time a dredoe is operating in each dredoe state for reporting within the
time a dredge is operating in each dredge state for reporting within the
system'’s standard reports

culate the status of dredging operations for each new set of measured data it
receives from the DSS every 10 sec. The system tries to automatically calcu-
late the dredge states (which are currently tracked by hand for Corps projects)
and total time spent performing each activity. It can then produce summaries
(reports) of individual trips, days, and jobs that are identical to the current
reporting requirement. Seven dredge states the system identifies are:

Dredging state. The SHIP component software is designed to try to cal-

a. Dredging.
b. Tuming.
c. Sailing to dump (disposal) area.

d. Dumping.
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The information provided by the DSS to the SHIP unit and the computa- _
tional equations within SHIP can determine most of the dredge states accu-
rately and consistently. The two exceptions are turning and downtime.

vO exceplions
’r umning (presently defined by the Corps as tums between dredging cuts) is
fficult to distinguish from sailing to dumD and sailing to dredging area.
Downtlme (as presently reported by the Corps) cannot be distinguished from
other nondredging states based on sensor data alone. The system will also
decide that the dredge is in a downtime state whenever key measured data are

missing from a data set.

TDM of material recovered

SHIP calculates the TDM of material in the hopper based on measured data
collected at the end of the last dumping event and on data displayed on the

s s oS U

L)reaglng Uper ations screen. A plO[ of TDM versus time from the end of the

e

last aumpmg evem is prov ded. The screen will scroll whenever the TDM plot
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The SI system provides computer-generated reports that generally display
the same information as is currently compiled manually for Corp projects and
contracts.

Trip report. The trip report breaks down into the time required for dredg- .
ing, hauling to disposal area, disposing material, retuming to the dredging area,
turning, shore delivery, and downtime. It contains the project’s contract num-
ber and name, dredge name, trip (load) number, start times and locations when
the dredge changed activities (dredge states), along with specific information
on the dredge’s status such as the vessel’s heading, speed, draft, and pump

status. The time spent in each dredge state, the total trip time, and the TDM
of material retained are computed and presented at the end of each trip report.

. The trip report begins when the dredge starts its transit to a dredging area

and ends wnen aumpmg of me areagea matenal 1s Lomple[ When a trip
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Daily report. The daily report summarizes time spent in each dredge state
for each trip conducied during a day. The total TDM of material per trip, per
minute of pumping, and per elapsed minute are also presented. Each quantity
presented is summed for the day, and an average per load is displayed. A
breakdown of downtime events is presented for those downtime categories -

The daily report includes information from all trips that begin during the
day of the report. For trips that last until the following day, the entire quanti-
ties of dredging activity times and material dredged are contained in the daily

report corresponding to the start of the trip.

Job report. The job report summarizes information contained in the daily
reports over the life of the job through the end date specified by the user. The
job report also presents project cost information so as to more clearly resemble
the Form 27 in use today. However, this cost information is not automatically
generated by the system. It must be entered by the user.

Information to generate the job report is maintained in the system at all
times. However, prmung of a job report must be initiated by the user. The

report includes all trips, beginning with trip number 1 through the last com-
pleted trip for the end date of the report. Most of the data contained within
the system’s database can be plotted versus time for easy review. Data-overlay
ranahility avicte far valniag writh tha cama ninite AF mmanciira
vapauilily CAILWL 1Ul alucvd will uic > 1T Ui Ul 1icadsuic
Svetem cacuritv
v,wt\'lll W T I‘,
The SI system has several security features built in to ensure the integrity
of collected data and to restrict use to auth onzed personnel. The primary -
security feature is password-controlled access to different levels of the system.

For example, dredge personnel have access only into the data monitoring

screen and review of downtime events, plus the ability to designate downtime

events by cause and add to related comments. Dredge inspectors will normally

have full access to all user screens, data report and display functions, and data

transfer and archiving operations. Dredge inspectors are not able to modify

the measured data in any way. Access to the system’s software code and -
database language is limited to designated SI system software maintenance

personnel at WES. Access to the various levels, with the exception of the

system software and database code, is controlled by Corps District personnel

using the password feature.

System security aiso consists of ensuring that the data entered into the

~aoo

system are both accurate and COHSlS[en[ The DSS portion of the system per-
forms, at a minimum, range checks of incoming data [O minimum and maxi-
mum acceptable values. A data t tus for each piece of data sent to the SHIP
database is compuied and tagged to that data. The SHIP portion of the system
performs additional data-consisiency checks. However, only by inspector
verification to test data accuracy, and the mandating of various dredge actions
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the cemral database. These dumps are nondestructive and can occur while
normal database processing is in progress. In between these complete database
dumps, log files of all database transactions that modify the database are main-
tained automatically.

Transferring data from the data-collection site onboard a dredge to the
District office, or between offices, is performed using the data-archive func-
tion. Archiving data converts the data into a transferable Unix file format and
deletes the archived data from the database. The user must then copy these
files to tape or other archival media for transfer to shore, where the data can
be reloaded into an SI shore-based system for data display and anaiysis The

DaCKup ana arcmval data Illes Dom nave unlque formats so that the data must
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within the SI system. Instead, the aDDroach has been to develop the

Sys tem around a database that can interact with other programs given a com-
mon interface format.

The SI system is built around Sybase relational database software. Many
new DOS/Windows software packages are providing the proper interface tools
to connect to the system’s central database. In particular, DOS/windows pro-
grams would need to contain the Open Database Connectivity driver that the
Sybase database supports.

User interactions with the SI system and database will continue to be safe-
guarded through the system’s security feature. No access by an external pro-
gram will be permitted without a proper User ID and password. Complete
instructions for starting and operating the three components (DSS, S'"P,

s

SHORE) of the SI system are provided by Cox, Maresca, and Jjarvela (in
preparation).

-—h

(6]
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The SI had a problem resolving the tuming state. Much of the time spent
in a turn is not spent actually changing heading, but in raising and lowering
the drag arms. It is difficult to distinguish between the sailing-full state when
the dredge is in a turn or traveling to a dump site. The problem was solved by
a change in dredge state logic that put the dredge in an intermediate maneu-
vering state before the sailing-full and tumning states are determined (by either
a dump occurring or a turn) (Rosati and Welp 1994).
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The research described in this summary report pertains to the need for
measuring and reporting offshore onsite water levels and for an enhanced
vessel heave system for dredging purposes. The development of a real-time,
3-D navigation system with 1-dm (4-in.) accuracy for hydrographic surveying
based on NAVSTAR GPS is described. Laboratory and field tests of produc-
tion meters were conducted to ascertain the accuracy and reliability of produc-
tion meters for dredges under various dredging conditions, and the concept
development and operational aspects of an SI for automatically monitoring
contract hopper dredges are presented.

integrated Vertical Control

Dredging operations, as well as dredge monitoring and contract payment,
require the accurate measurement of bathymetry referenced to a static datum.
Real-time availability of the mean water level and compensation for the wave-
induced vertical motion of the vessel are required to accomplish these
activities.

ARTTES

A long-standing problem associated with coastal and offshore dredging
operations has been accounting for tidal effects in hydrographic surveys and in
the dredging process to ensure that design channel depth has been reached
without excessive overdredging and to aid determination of the quantity of

.~y

materiai moved to compute payment WES developed the ARTTES based on

cnam I - a1 1 _
Preaicior-corrector metnodas. The SyS[Cm consists of a mgn prec1sxon water-
VTac;al cmem o 131 P PO DU, Ut SeR s P e At sl A
level sensor linked t0 a VHF transmitter that continuously broadcasts the water
lawval at thhn Aendrice cita syhinh smaxr lha -t IN nilac AfFfohnen Tha +en
1evel at tne areaging site, wnicn may o€ up to U miies OIIsnore. 1ne¢ pre-
Ainrtad wwatar lawual io rnrrantad fAar nantidal fmatonrmlacinral) affarte whirh
UILiCU walll IUVUOl 1D LUlLILULLICU 1U1 Luliuiual \lllblbUlUlUsl\vm} C1IULiLD, wiliull

_ allnwe Arad ~aratnre tn mals nline adinetmeante far chanoec in watoar laysl
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between the predicted tide and observed level exceeds some predetermined
value, user access to the system is denied. Periods of user-access denial usu-
ally occur when sea conditions are unfavorable or unsuitable for survey opera-
tions. Dredging operations, however, may continue in weather conditions
unsuitable for survey operations. Because ARTTES is used by dredge opera-
tors, it is desirable to minimize periods of user-access denial. The present
procedure for predicting the tide is based upon the harmonic method of tide
analysis and prediction. However, a portion (residual) of the water level is not
described by this method. Most of this residual is the result of short-term
meteorological effects.

ARTTES enhancements. The approach used by Borgman, Garcia, and
Walton (1993) for improving ARTTES predictions may be described as
“hybrid” in that the astronomically forced component of the tide is analyzed
and predicted in the traditional manner (harmonic analysis), while the short-
term meteorological component is analyzed and predicted via statistical tech-
niques. By using combinations of levels of threshold exceedence and duration,
practical aspects of the dredging process may be taken into account. The
dredging operator may deem it preferable to permit a relatively high level of
threshold exceedence for a relatively short time (say an estimated duration of
1 hr), rather than deny access. The duration limit is based upon knowledge of
the history of site water-level data and engineering judgment.

Second-generation vessel-motion system (VMS-II)

Vertical-motion systems (heave compensators) for use in hydrographic
survey applications presently exist in various forms. However, the current
generation typically operates in the time domain, which results in inherent
limitations, including very expensive custom-designed electromechanical com-
ponents. Time-domain techniques produce an unavoidable phase lag. For
real-time applications, the phase lag is unacceptable. Research by Carter et al.
(1995) was directed toward a frequency-domain-based second generation
(VMS-1I) that uses commercially available sensors, and the phase lag was
eliminated.

Developing future data. Double integration in the frequency domain can
produce large errors if the data point of interest is not at the center of the data
string. However, real-time applications require the data point of interest to be
at the beginning of the data string. Placing the data point of interest at the
center of a real-time data set requires data that have not yet been measured
(future data). A practical approach to providing estimates of future data was
developed by Borgman and Scheffner (1991). The process of developing
future data consists of constructing an extrapolation of the real data into the
future with the data point of interest being the center of the data set composed
of the real and future data.

VMS-II. Digital signal-processing technology has evolved to the stage
where its use will satisfy VMS-II processing requirements. VMS-II utilizes
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the signals from standard off-the-shelf sensors for vertical acceleration, pitch,
and roll. The inputs from these sensors are input to a custom-designed circuit
‘board that contains an analog low-pass filter, DSP processor, required memory,
and ancillary components all configured in a PC. The software for VMS-II is
written in two parts. An assembly language code is installed in the firmware
of the system to perform communications and other operations, while the main

Horizontal/Vertical Positioning System Utilizing
AP Chriallida MarmalalladiAa;s
CGreo 2d4alCHIie wulisieiiativii

Presently, horizontal positions of dredges and survey vessels are determined
using systems that electronically measure multiple ranges or ranges and angles
from previously established control points on shore. Most of these systems
require the vessel to occupy a calibration point installed near the job site each
work day to initialize the system. Maintaining these control stations, moving
receiver/transmitters about, and performing the calibration process is extremely
expensive and Iabor-intensive In aaamon au areagmg ana survey operations
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and Kleusberg (1992) e
GPS depended to a lar xtem on the fea51b1htv of bem2 able to reahze the
high precision of ranges derived from carrier beat phase measurements by
resolving carrier ambiguity and either preventing or reliably correcting carrier
cycle slips. With deployment of a 24-satellite NAVSTAR GPS constellation
in the mid-1990s, the possibility for a kinematic GPS positioning system meet-
ing those requirements materialized.

GPS

The ultimate limitation on GPS positioning accuracy is not the accuracy
with which GPS range measurements can be made, but the effects of biases
and errors on these measurements. Many of these biases have a high spatial
correlation. Errors in point positioning of each of two receivers will have
almost the same magnitude and orientation, but the error in position of one

relative to the other will be much smalier. This is the basis of differential
GPS: more than one rec erve must be used, and the coordinates of at least one

of the receivers must be known.

ML cno thia tankhealiia sioa A i Aauvalaning tha Carsc Af Drnginoare raal _tima
1nis was tne ie uuuquc USCa 11l acvaiupiig ine LOorps Oi chgineers 1 -time
OTF DGPS positioning system by the DRP. Carrier ambiguity-resolution
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and errors and preventing or reliably correcting cycie slips. Only one fixed
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reiercnce station o1 Knowi CoO0rainates (X, y, Z posSitions) iS necessary ior uid
w1car otatinn tn nnarata with the decimetar_level nrecicinn renmred for Corme
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cenrveving and dredeino activitieg
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The Corps DGPS system provides real-time 3-D positions with horizontal
and vertical accuracies better than 10 cm over ranges up to 20 km from a
single known station without static initialization. The project has passed from
concept development through feasibility studies, system analysis, resolution of
carrier ambiguities OTF, to final system integration. The real-time OTF proto-
type delivers high-precision kinematic positioning accurate to about 2 cm at
the antenna phase center, while simultaneously providing a separate output for
meter-level DGPS for navigation purposes. As a design constraint, the OTF
system was developed using only equipment that could be purchased off the
shelf. The OTF software is the heart of the system and was the focus of much
of the development effort. The software was designed to require minimum
operator attention and has several built-in quality-control procedures to ensure
that the high performance and reliability of the system are maintained.

C v i 2 ime n

Nk A1iWw WA A 1 J i0o 4 1via J i1 (¢9 ¢ A111N . yvl“u 11641 P P\/
1ield tecte anhnard curvev vecceele and the hanner dredoe Feeavnne have dem.
AdidWwid WOMD vViiluvvidaldu ous 'VJ Y WVOOWAD (Al Wiw lluyy\/l \-ll\l\le\f uuuu}ullu 11AaAvYw uwiil
onstrated that this technoloov will have 2 great imnact on surveving. navioa-
onstrated that this technology will have a great impact on surveying, naviga
tion, and dredging activities. This particular system is robust, reliable, and
easy to use and has surpassed its original design-goal specifications. Tests

have shown that real-time tide corrections using OTF are possible; this is very
important for the dredging industry. The system is also a valuable engineering
tool for those operations for which postprocessed data will suffice. In reality,
it has been demeonstrated that real-time OTF is as easy to provide as DGPS

within the current range limitations of 20 km.

A Armdas nradnntinn_matar cuctam rnncicte nf a Aeancity matar a uvalarity

ey UICUSC PIUUUDIJUII'IIIDLDI D YDLUIEI LULIDIJLW Ul a uuvlidit 111vivi, a vuiuuill
meaeter an eacy tn vicenalize and nnderctand antmit dienlav and a meanc nf
1i11wivl,y All vAao W YioUdllLy Al UiluviIDwausg vul.yul- \Jloylu], diu Q 11ivdauild vl
ecording, storing, and totaling the data. The velocityv meter and the density
recording, storing, and totaling the data. The velocity meter and the density
meter together estimate dredge production. The accuracy of this estimate is a
function of the individual meters. Production-meter information can be used to
increase dredge production and improve overall dredging efficiency.
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jtatives using an average type slurry. As the slurry type changes under real
wadoaing rands rm
redging conditions, output information from the sensors will vary

Production (velocity and density) meters identified in a worldwide survey
as being used onboard operating dredges were laboratory tested at GIW to
evaluate instrument performance under controlled conditions of slurry type,
concentration, flow, and pipe orientation (Pankow 1989). All test meters were
installed and calibrated according to manufacturers’ procedures by the manu-

facturers’ factory technicians.

The nuclear density meter is the only readily available densitometer used on
contemporary dredges. It is reliable, accurate, and safe to use. However, it
does employ a radioactive source and therefore a Nuclear Regulatory Commis-
sion license is required. For dredge production, the most reliable instruments
for measuring slurry flow and density are the magnetic velocity meter and the
nuciear density meter.

Production meters were installed and operated on the dustpan dredge
Jaadwin and hopper dredge Wheeler to determine reliability of operation under
two different material conditions. The Jadwin was operating on the Missis-
sippi River in sand material, while the Wheeler was dredging Sabine Pass, TX,
removing silt and clay sediment.

planning, purchasing, installing, and functioning phases of production-meter
operation. Preplanning and good communication with the instrument vendor
were found to be essential to minimize problems that may arise during the
installation of new dredge production meters and instrumentation (Pankow
1991).

Wheeler production tests. Wheeler hopper loads were calculated from the
production-meter data for comparison to load calculations performed by the
more conventional method of using a load-displacement system also installed
on the dredge. It is generally accepted that in coarse materials (sand), the
nuclear density meter produces accurate data. It was desired to evaluate the
accuracy of such meters when dredging fine-grained material such as siit and
clay.
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Average hopper load densities calculated by the load-displacement meter
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mined the hopper doors were not closing properly, and the production meter

n pper doors were not closing properly, and the production mete
was calculating material that was actually being discharged back into the water
column prior to filling the dredge hoppers
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Comparison. The use of production meters for calculating production on a
load-to-load basis for hopper dredges may be limited due to overflow and
leakage through hopper doors, but for calculating the total production of
dredged material through the pipeline for a given project, production meters
can provide a reliable and accurate measurement of dredge production. The
velocity meters, when properly calibrated and serviced, proved to measure
velocities to accuracies of less than 1 percent of full scale.

Silent Inspector

The Corps depends almost entirely on inspectors for gquality control and
performance monitoring of contract dredges. Automated inspection tools

(“silent inspectors”) are one way to assist inspectors, reduce the cost of
responding to claims, and make dredge-production records more standard,
accessible, understandable, and usable. An SI system to automatically log data
from instruments generally maintained aboard hopper dredges, compute the
dredging activities occurring and the quantity of material retained, and provide
summaries of this information in both report and graphical displays has been
developed (Cox, Maresca, and Jarvela (in preparation)).

System requirements

A survey was conducted of dredging managers at Corps Headquarters, Divi-
sion, and District offices to determine desired SI output requirements. Based
on the survey, it was recommended that an SI system should: (a) use existing
sensors and interface standards as much as possible; (b) require neither addi-

tional personnel nor extensive training of existing personnel to use; (c) facili-
tate importation of data from sources other than the dredge data-acquisition
axiotamas nmAd AN aenida A mancnmalla las:al AF acciisnnne that tha nnwmeant Aoen
SYdICII, dlll (U) PIVVIUC d ICANUIIAUIC ITVEL U1 adduldiile ulal it LUIITLL Uat
nen anmtarad and Aomen + bn altnead Tha meadnistinn and managamant nf ctan
alC CIIICICU U Cdilliul bC alllicu, 11l pluuuuuu 1 iJ 1ua.uagcl 1CLHIL U1 >lail=
Aard mrmnrte 1o tha meimare wav tha QT filfille tha cugctam reAniramante

uaiu ICWI 1d UIC lJ i1 Jy way uiv Ol 1ULILS IV SY SV IVHULTLHIICLILS.
Svetem nerformance
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actual record of a dredge’s activities that is

even in the absence of a full-time onboard inspector. To do this, the SI
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,,,,,,,,,, rts dredgmg mfonnatlon in a standardxzed foxmal for
51m11ar types of dredges to allow the data to be transferred easily between all
Corps District offices; (d) provides graphical display of collected data by time
and location; and (e) provides a Corps-generated database of dredging activi-
ties for use in settling claims brought by contractors against the Corps.

records anc
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Developmental tests

The SI system was successfully tested aboard the hopper dredge Essayons.
The system generated trip and daily reports automaticalily. It gathered data
from a data-acquisition system alreaay existing aboard the dredge. TDM w

h

computed successruuy in real-time on the dredge. The system had a problem
resolving the tuming state, but the pr*biem was solved by a change in dredge-
state logic that put the dredge in an iniermediate maneuvering state before the
sailing and tuming states are determined (by either a dump occurring Or a turm)
(Rosati and Welp 1994)

Chapter 6 Synopsis
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